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Introduction {#sec001}
============

Arid regions receive minor amounts of rainfall and experience high atmospheric demand for water vapor \[[@pone.0218622.ref001]\]. Unsurprisingly, irrigation plays a significant role in agricultural production in arid regions \[[@pone.0218622.ref002],[@pone.0218622.ref003]\]. In general, agricultural irrigation accounts for more than 90% of the total water consumption \[[@pone.0218622.ref004],[@pone.0218622.ref005]\] globally, and these trends are expected to remain unchanged in the foreseeable future. Over the past decades, it has been recognized that sustained irrigation may brings about land salinization, especially in arid regions \[[@pone.0218622.ref006]--[@pone.0218622.ref008]\]. The results of a 2-year experiment by Liu et al. \[[@pone.0218622.ref009]\] showed that salts mainly accumulated in the 0\~60 cm soil layer during a growing season.

Soil salinization is a main cause of poor ecological environments and prevents the development of sustainable agriculture \[[@pone.0218622.ref007],[@pone.0218622.ref010],[@pone.0218622.ref011]\]. Leaching of soil salt during the nongrowth period has been proposed as a possible mitigation practice and has received renewed research interest \[[@pone.0218622.ref009],[@pone.0218622.ref012]--[@pone.0218622.ref014]\]. The premise of this proposal is that winter irrigation will be conducted to elicit leaching of salts from the rooting-zone. Because the atmospheric demand for water vapor is low and evaporative losses are small, winter irrigation has been recommended for moderate or severe salinization to reduce farmland salinity \[[@pone.0218622.ref009],[@pone.0218622.ref015]--[@pone.0218622.ref017]\]. Chen et al. \[[@pone.0218622.ref012]\] used a revised ENVIRO-GRO model to show that flood irrigation with a large amount of water after harvest can efficiently and significantly reduce salt accumulation within the top soil profile. Similarly, Yang et al. \[[@pone.0218622.ref018]\] reported that winter irrigation is one of the water and salt management practices widely adopted in arid irrigated areas and that the strength of the desalination effect of winter irrigation increased with increasing water irrigation volume. Zhong et al. \[[@pone.0218622.ref016]\] recommended that winter irrigation should be carried out when the ground begins to freeze at night but thaws during the day and reported that the beneficial effects of winter irrigation arise mainly from the washing away of salts, which decreases salinity. In addition, Liu et al. \[[@pone.0218622.ref009]\] found that after a 150-mm winter irrigation application, the salts that had accumulated in the 0\~60 cm layer were leached into the deeper soil layers and that the soil salt content as measured by its electrical conductivity (*EC*~1:5~) decreased to approximately 0.2 dS/m in the following year. Therefore, the amount of water leached during the nongrowth period that can effectively prevent secondary salinization of soil and improve sustainable use of land should be taken into account when designing winter irrigation practices \[[@pone.0218622.ref019]--[@pone.0218622.ref021]\].

Although some positive effects of winter irrigation have been confirmed by previous experimental studies and model simulations, most researchers have focused on how winter irrigation affects the moisture and salt content of the soil. Thus, how winter irrigation affects soil salinity, survival rate and growth index in the following year remains a subject of scientific inquiry. The objectives of this study are (1) to investigate the effects of different irrigation methods and winter irrigation quotas on soil salinity and plant growth; and (2) to obtain information that can inform the development of for irrigation management practices aiming to prevent secondary soil salinization in arid regions.

Materials and methods {#sec002}
=====================

Experimental site {#sec003}
-----------------

A field experiment was conducted continuously from early November 2017 to late July 2018. The experimental site is situated in Qiemo County, Bayingolin, Xinjiang Province, Northwest China (latitude: 37°47\' N, longitude: 84°08\' E, altitude: 1307 m), which has a continental arid climate with a mean annual precipitation of 18.1 mm and a mean annual evaporation of 2824 mm. The soil is classified as sand (USDA) and consists of 86.48% sand, 10.45% silt and 3.07% clay. The average soil bulk density from the surface to a depth of 1.0 m is approximately 1.47 g/cm^3^, with a field capacity of 15.13% (mass basis). The groundwater depth is 2.2 m, and the groundwater is of high salinity (3.17 g/L). The the irrigation water comes from the fresh (0.47 g/L) snowmelt water of Kunlun Mountain. The monthly precipitation, relative humidity and air temperature during the study period are provided in [Table 1](#pone.0218622.t001){ref-type="table"}.
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###### Air temperature, relative humidity and precipitation data of the study site.

![](pone.0218622.t001){#pone.0218622.t001g}

  ----------------------------------------------------------------------------------------------------------------------------
  Month      Mean\              Maximum temperature (°C)   Minimum temperature (°C)   Relative humidity (%)   Precipitation\
             temperature (°C)                                                                                 (mm)
  ---------- ------------------ -------------------------- -------------------------- ----------------------- ----------------
  November   1.7                23.2                       -15.2                      35.5                    0.0

  December   -4.8               10.0                       -18.1                      57.6                    1.9

  January    -7.8               17.3                       -21.2                      47.0                    0.0

  February   -3.0               17.2                       -20.0                      43.0                    0.0

  March      11.3               29.7                       -6.5                       22.3                    0.0
  ----------------------------------------------------------------------------------------------------------------------------

Experimental design {#sec004}
-------------------

This experiment used 1-year-old *Zizyphus jujube* trees that had been planted in rows 0.3 m apart with a spacing of 2 m within each row, and it involved a completely randomized design with three replicate plots. Each replicate plot was 15 m^2^ (2 m wide and 7.5 m long) and contained 25 trees arrayed in the same row ([Fig 1](#pone.0218622.g001){ref-type="fig"}). To avoid water and salt movement across plots, the distance between adjacent plots was 4 m. The primary laterals of 1-year-old *Zizyphus jujube* trees are less than 20 cm. Two driplines provided water without pressure compensation on both sides of each tree row and were located 0.2 m away from the row (with two emitters separated by a 0.3 m distance, 3.2 L/h of water provision per emitter, and a manufacturing coefficient of variation ≤5%). The treatments included drip irrigation (DI) and flood irrigation (FI) with 6 irrigation quotas (450, 1350, 2250, 3150, 4050, and 4950 m^3^/hm^2^). In addition, a treatment without winter irrigation was established for the control group (CK). In total, 13 treatments were designed and applied. In each plot, a flow meter was installed to control the irrigation amount. After winter irrigation, all treatment plots received identical applications of irrigation, fertilization, pruning, and insecticides.

![Layout of the drip irrigation design in this study.](pone.0218622.g001){#pone.0218622.g001}

Soil salt content measurements {#sec005}
------------------------------

Soil samples were randomly collected at depths of 0--20 cm, 20--40 cm, 40--60 cm, 60--80 cm and 80--100 cm from the soil surface by a soil auger on 3 November (before winter irrigation), 11 November (7 days after winter irrigation) and 5 April (end of the rest period). The soil samples were air-dried, ground and sieved to determine the soil salt content. A digital conductivity instrument (FE30K Plus, Mettler Toledo Corporation, China) was used to measure the electrical conductivity of the saturated soil extract (*EC*~*e*~) \[[@pone.0218622.ref021]\].

Growth measurements {#sec006}
-------------------

The total number of plants and the number of surviving plants were calculated based on 20 trees in the middle of the row; this middle trees were selected to eliminate boundary effects. These numbers were calculated in May 2018 and used to calculate the survival rate (number of surviving plants/ total number of plants) \[[@pone.0218622.ref022]\]. Twenty tag-labeled jujube trees were selected from the three replicates of each treatment to measure and calculate the jujube tree growth from late April to late July. The height and ground diameter of jujube trees were measured by a steel ruler and Vernier caliper, respectively, twice per month. The average cumulative growth of each jujube tree was calculated based on the first and last measurements of height and ground diameter.

Statistical analysis {#sec007}
--------------------

Analysis of variance (ANOVA) and correlation analysis were performed using Statistical Analysis Software (SPSS 20.0, International Business Machines Corporation (IBM), USA), and the means of different treatments were tested for significant differences using Duncan's multiple range test at a significance level of P~0.05~ and P~0.01~.

Results {#sec008}
=======

Soil salinity {#sec009}
-------------

The soil salinity measured seven days after winter irrigation was decreased relative to that measured concurrently in the control plots, especially in the surface soil ([Fig 2](#pone.0218622.g002){ref-type="fig"}). Compared with no irrigation (NI), *EC*~e~ in the 0--20 cm soil was 4.00, 7.55, 8.33, 10.23, 10.01 and 10.57 ms/cm lower under FI and 4.67, 6.70, 7.57, 8.60, 8.25 and 10.03 ms/cm lower under DI. However, *EC*~e~ of FI1 and DI1 in the 60--80 cm soil was 16.39% and 40.45% higher, respectively, than that in NI. In FI2 and DI2, *EC*~e~ in the 20--60 cm soil was 1.72--4.95 ms/cm lower than that before irrigation (BI). *EC*~e~ in the 20--80 cm soil was 6.68, 7.04, and 12.51 ms/cm in FI3 and 6.51, 7.62, and 8.20 ms/cm in DI3. In the 0--100 cm soil layer, *EC*~e~ of each of FI4, FI5, FI6 DI4, DI5 and DI6 was significantly lower than that under NI and BI. The decreases in *EC*~e~ increased with an increasing irrigation quota. Compared with the sum of *EC*~e~ in the 0--100 cm soil under BI, that in FI4, FI5 and FI6 was reduced by 48.26%, 55.53% and 60.81%, respectively, and that in DI4, DI5 and DI6 declined by 52.00%, 61.64% and 71.59%. It can be concluded that FI resulted in a higher *EC*~e~ than did DI under the same winter irrigation quota.

![*EC*~e~ values seven days after winter irrigation.\
BI, before irrigation; NI, no irrigation. DI1-DI6 represent the drip irrigation treatments with irrigation quotas of 450, 1350, 2250, 3150, 4050 and 4950 m^3^/hm^2^. FI1-FI6 represent the flood irrigation treatments with irrigation quotas of 450, 1350, 2250, 3150, 4050 and 4950 m^3^/hm^2^. Values represent the mean ± SE of at least three replicates. Significant differences are indicated by different small letters among treatments at a given soil depth (P \< 0.05), and ns represents no significant difference (P \> 0.05).](pone.0218622.g002){#pone.0218622.g002}

The soil salinity before sprouting in the following year was similar to that seven days after winter irrigation ([Fig 3](#pone.0218622.g003){ref-type="fig"}). The sum of *EC*~e~ in the 0--100 cm soil was 56.26, 44.43, 37.83, 30.89, 31.48 and 29.32 ms/cm under FI and 61.36, 44.12, 37.76, 28.97, 24.80 and 17.89 ms/cm under DI. Under NI, the sum of *EC*~e~ was 64.13 ms/cm. The results showed that the soil salinity before sprouting in the following year was significantly affected by the different winter irrigation treatments.

![*EC*~e~ values before sprouting the following year.\
Values represent the mean ± SE of at least three replicates. Significant differences are indicated by different small letters among treatments at a given soil depth (P \< 0.05), and ns represents no significant difference (P \> 0.05).](pone.0218622.g003){#pone.0218622.g003}

Survival rate {#sec010}
-------------

With an increase in the irrigation quota, the survival rate of young jujube trees significantly improved in the following year ([Fig 4](#pone.0218622.g004){ref-type="fig"}). The survival rate of jujube trees was highest for those irrigated with 4950 m^3^/hm^2^, reaching approximately 80%. However, the survival rates in FI3 and DI3 reached 65% and 72%, respectively. This result indicated that the survival rate under DI was slightly higher than that under FI under the same irrigation quota.

![Survival rate in different treatments in the following year.\
The fitted curves for irrigation quota against the survival rate of jujube trees obtained from tests are plotted. Values represent the mean ± SE (n = 3).](pone.0218622.g004){#pone.0218622.g004}

Ground diameter and height {#sec011}
--------------------------

The ground diameter and height of jujube trees continuously increased from late April to late July (Figs [5](#pone.0218622.g005){ref-type="fig"} and [6](#pone.0218622.g006){ref-type="fig"}). Comparisons revealed no significant differences among treatments in ground diameter or height in late April. However, in late July, the ground diameter in FI2-FI6 was 0.89, 2.68, 4.22, 4.40 and 4.40 mm higher than that in FI1, and that in DI2-DI6 was 2.64, 3.60, 4.64, 4.88 and 4.95 mm higher than that in DI1. By 30 July, the height in FI1-FI6 had increased to 53.35, 58.58, 70.80, 86.30, 90.57 and 88.57 cm, and that in DI1-DI6 had increased to 54.54, 61.67, 70.62, 89.79, 89.06 and 88.22 cm. The findings indicated that irrigation quota had a significant effect on the ground diameter and height of jujube trees.

![The ground diameter of jujube trees under different treatments.\
Values represent the mean ± SE (n = 20). Above the error bars, \* denotes a significant difference (P \< 0.05), \*\* denotes a very significant difference (P \< 0.01), and ns denotes no significant difference (P \> 0.05).](pone.0218622.g005){#pone.0218622.g005}

![Height of jujube trees under different treatments.\
Values represent the mean ± SE (n = 20). Above the error bars, \* denotes a significant difference (P \< 0.05), \*\* denotes a very significant difference (P \< 0.01), and ns denotes no significant difference (P \> 0.05).](pone.0218622.g006){#pone.0218622.g006}

Discussion {#sec012}
==========

Soil salinity {#sec013}
-------------

Different irrigation methods in winter impact the distribution and content of soil salt \[[@pone.0218622.ref009],[@pone.0218622.ref014],[@pone.0218622.ref015]\]. In the low-irrigation-quota (450, 1350 and 2250 m^3^/hm^2^) treatments ([Fig 2](#pone.0218622.g002){ref-type="fig"}), the soil salinity in the upper layer decreased; however, soil salinity in the deep layer was less affected by irrigation, being not significantly different from or being higher than that in the treatment without winter irrigation. However, in the high-irrigation-quota (3150, 4050 and 4950 m^3^/hm^2^) treatments, the soil salinity at a depth of 0\~100 cm was significantly lower than that in the treatment without winter irrigation. Similar results have been found in other studies \[[@pone.0218622.ref009],[@pone.0218622.ref018],[@pone.0218622.ref023]\]. However, the salt content of the soil under flood irrigation was higher than that under drip irrigation at a depth of 0\~100 cm. This result agrees with that of Zhao et al. \[[@pone.0218622.ref024]\], who observed that the soil salinity under flood irrigation was higher than that under drip irrigation at a depth of 0\~200 cm for a given irrigation quota. This result may be due to the fact that infiltration under drip irrigation is closer to uniform than that under flood irrigation and that soil salt constantly migrates to the deep layer with water movement.

The soil salt content in each treatment in the following spring is shown in [Fig 3](#pone.0218622.g003){ref-type="fig"}. The soil salinity remained significantly affected by winter irrigation before jujubes emerged in the spring. Zhao et al. \[[@pone.0218622.ref024]\] reported similar results in cotton. The soil salt distribution at a depth of 0\~100 cm remained similar to that measured 7 days after winter irrigation. In contrast, Yang et al. \[[@pone.0218622.ref018]\] reported that the effects of winter irrigation on water storage and salinity control in all the studied treatments decreased gradually with time. A low air temperature and high relative humidity ([Table 1](#pone.0218622.t001){ref-type="table"}) may result in low soil evaporation; this phenomenon was observed in our study. As reported by Shang et al. \[[@pone.0218622.ref025]\], only a small part of winter irrigation water is consumed by soil evaporation; most of it is stored in the soil, increasing the soil moisture content.

The results demonstrate that due to the salt-leaching effects and the water use efficiency of winter irrigation, proper irrigation quotas of winter irrigation effectively reduced the soil salinity. Excessive irrigation is not inappropriate, especially in arid regions. According to the content and distribution characteristics of soil salinity in Figs [2](#pone.0218622.g002){ref-type="fig"} and [3](#pone.0218622.g003){ref-type="fig"}, the appropriate irrigation quota is 3150 m^3^/hm^2^. However, due to the freezing and thawing in the soil layer, soil microorganisms \[[@pone.0218622.ref026]\], plant diseases \[[@pone.0218622.ref027]\] and insect pests \[[@pone.0218622.ref028]\] are also affected. Therefore, winter irrigation not only influences the soil salinity in the following spring but also affects subsequent crop growth and development. Hence, it is necessary to analyze the influences of different irrigation methods and quotas on the growth and yield of crops (such as jujube, a typical crop in Xinjiang) in the following year.

Survival rate {#sec014}
-------------

Plant seedlings are more severely affected by salinity stress than are older plants because seedling roots occur in the upper layer of soil \[[@pone.0218622.ref008]\]. For 1a jujube, survival rate is the most important indicator of whether an irrigation method is effective ([Fig 4](#pone.0218622.g004){ref-type="fig"}). The different irrigation quotas played important roles in improving the survival rate of jujube, whereas irrigation method had weaker effects. Our research confirmed that winter irrigation, especially drip irrigation with a large amount of water, created a good environment for the growth of jujube trees and improved the survival rate of young jujube trees. These results agree with those of Shao et al. \[[@pone.0218622.ref013]\], Liu et al. \[[@pone.0218622.ref009]\] and Chen et al. \[[@pone.0218622.ref012]\], who found that winter irrigation created a good environment in the upper soil for crop growth. Moreover, Zhao et al. \[[@pone.0218622.ref024]\] showed that winter irrigation can help maintain the soil moisture content and improve the rate of seedling emergence, especially irrigation with a relatively large amount of water. Thus, the higher survival rate of young jujube trees under adequate irrigation could be a consequence of the higher soil moisture content; a the low availability of moisture at the sowing stage adversely affects the germination, seedling establishment and growth of plants \[[@pone.0218622.ref029]\]. Moreover, the survival rate of jujube trees was higher under drip irrigation than under flood irrigation.

Ground diameter and height {#sec015}
--------------------------

The ground diameter and height of jujube trees under winter irrigation were significantly higher than those of the control trees (Figs [5](#pone.0218622.g005){ref-type="fig"} and [6](#pone.0218622.g006){ref-type="fig"}). Comparisons of jujube ground diameter and height among the irrigation treatments revealed that winter irrigation had important effects on crop growth and development in the following year. Under drip irrigation and flood irrigation, both the ground diameter and height of jujube were positively correlated with irrigation quota. However, when the irrigation quota exceeded 3150 m^3^/hm^2^, ground diameter and height were significantly higher than they were under nonwinter irrigation and several other winter irrigation treatments, indicating that the jujube trees under this quota underwent vigorous growth. These findings are consistent with the findings of Zhao et al. \[[@pone.0218622.ref029]\] who reported that winter drip irrigation with a quota of 3000 m^3^/hm^2^ improved the canopy photosynthetic potential, group net assimilation rate and leaf area index of cotton by 34.30%, 19.23% and 42.60%, respectively, relative to the corresponding values under treatment without winter irrigation. Furthermore, the ground diameter and height under DI were slightly higher than those under FI at the same irrigation quota. Therefore, an appropriate winter irrigation quota can effectively promote the growth and development of jujube in the following year, especially under drip irrigation.

Conclusions {#sec016}
===========

In summary, winter irrigation should be carried out to decrease soil salinity and promote crop growth and development under arid climatic conditions. Irrigation quota played an important role in influencing the soil salinity distribution, and the amplitude of the effect of irrigation was positively correlated with the irrigation quota.

Considering the influence of soil salinity and the observed survival rates and growth index values in the following year, the winter irrigation quota of approximately 3150 m^3^/hm^2^ is most appropriate under the conditions of this experiment. This study showed that 1a jujube trees are sensitive to salt in the soil, that different salt contents had different influences, and that *EC*~e~ should be lower than 5 ms/cm when jujube trees emerge in the spring. However, soil freezing and thawing in the winter is a complex natural phenomenon with effects on soil microorganisms, plant diseases and insect pests. Therefore, the effects of soil freezing and thawing on soil salinity and plant characteristics require more research in the future.
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